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The human body is full of structural variation, especially in the skeletal architecture of 
different bones. This variation is dependent on the mechanical environment of the bone and its 
physiological purpose, which impacts its material and geometric properties. The relationship 
between these properties has been investigated in previous studies, which were largely focused 
on the structural and material variation of human long bones (femur, radius, tibia, etc.). It is still 
unknown if the variation of certain material and geometric properties found in the long bones are 
the same in the axial skeleton. As rib fractures are a main cause of fatality in drivers in motor 
vehicle crashes, it is essential to understand the multivariate factors that relate to bone quality 
and rib fracture risk. The purpose of this study is to investigate variation in volumetric bone 
mineral density (vBMD) along the length of the rib, cortical section modulus at the site of 
fracture (Z), and their relationship to structural properties to better understand differential 
fracture risk. 
In total, forty-six ex vivo mid-level ribs (5th-7th) were obtained from n=46 post mortem 
human subjects (PMHS) with ages ranging from 13-83 years. The 46 PMHS were divided into 
two different sub-samples, the age-matched sample and the physically tested sample, which was 
dependent on if the rib had been dynamically tested. Each rib was scanned using a 64 slice 
Philips Ingenuity Computed Tomography scanner (CT) at a consistent in-plane resolution of 
0.167mm. Each rib was then dynamically tested in a 2-D bending scenario to simulate anterior-
posterior thoracic impact. To investigate variation along the length of the rib, Phillips 
Intellispace, Dataviewer, and Skyscan CTAn software (Bruker) were used to calculate a vBMD 
value for volumes of interest (VOIs) located at the 30%, 50%, and 75% of total rib curve length 
(Cv.Le), the age-matched sample (n=44), as well as the location of fracture for the physically 
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tested sample of the ribs (n=30). Z was collected from histological cross-sections taken from the 
site of fracture after dynamic testing. Finally, the sub-sample’s vBMD and Z were used to 
determine and calculate the Stress Strain Index (SSI) of the ribs.   
All data collected were normally distributed (p>0.15). One-way ANOVA demonstrated 
significantly different vBMD at all of the sites, 30% and the 50% sites (p<0.01), 50% and the 
75% sites (p<0.01), and the 30% to the 75% site (p<0.01). The 30%, 50%, and the 75% sites 
were statistically tested against structural properties related to the rib, Linear Structural Stiffness 
(K), Total Energy (UTOT), and Peak Force (FPEAK). Using a linear regression, the 50% and 75% 
sites showed no significant predictability with any of these factors (p>0.05) as well as the first 
fracture site vBMD. The 30% site demonstrated no significant predictability between K or UTOT 
(p>0.05) but did demonstrate statistical significance when compared to FPEAK (p<0.05). When 
combining the fracture site vBMD with the fracture site Z, we were able to produce a 
multivariate factor, SSI. When compared to the structural properties, SSI was able to 
significantly predict UTOT, FPEAK, and K explaining large amounts of variation within the sample 
(p<0.001). However, Z alone explained slightly more variation within the sample than SSI could, 
excluding UTOT (p<0.0001). 
Quantifying vBMD along the length of the rib shows significant variation and is an 
essential part of understanding and predicting rib fracture risk. Likely, generalized scores are not 
enough to quantify and determine whole bone quality. Utilizing multifactor variables may prove 
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The structural architecture of bone in the human body consists of vast amounts of 
variability in the axial and appendicular skeleton. These bones provide the body with muscle and 
ligament attachments, the creation of the cellular and molecular components of blood, storage 
sites for the majority of the body’s calcium and other minerals, and allow for the protection of 
vital organ structures.5 While there are certain consistencies throughout the structure and 
composition of bones in the skeletal system, each bone can differ in its makeup based upon the 
mechanical environment in which it resides and its physiologic purpose to the body.13 Repetitive 
forces incurred by a bone can drastically influence its structural characteristics, including 
volumetric bone mineral density (vBMD) and section modulus (Z). 
When considering the process of bone remodeling, we can begin to understand how 
prevalent this is in a bone’s development, based on the bone’s function in the human body. The 
phrase “structure determines function” is commonly used in the medical field to describe how 
and why the body works in certain ways and especially with consideration to the skeletal 
system.5,21 In numerous places in the skeletal system, we can observe the results of how the 
structure of one bone determines the function of itself. Between the axial and appendicular 
skeleton, there are fundamental differences in function of the bones in each category. The 
appendicular skeleton consists of highly moveable and longer bones, with few exceptions such as 
the clavicles, scapulae, and pelvis though each provides vital structural support for limb 
movement. The bones in this part of the skeletal system endure large amounts of pressure and 
force at irregular intervals, which is why their structure must be able to support such a loading 
environment. The axial skeleton, however, is comprised of many bones that are primarily utilized 
for protection and structural integrity. For instance, spinal vertebral bodies are used for both 
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constant structural support and the protection of the spinal cord and other sensitive anatomy. Rib 
bones provide protection of the thoracic and part of the abdominal cavities. However, they too 
undergo a cyclic force that expands and contracts the thoracic cavity, ventilation. Although all 
bone in the human body is comprised of similar materials, a bone’s ability to adapt and change, 
based upon the regular or irregular forces that it is impacted by, allows for specialization and 
creates variation throughout the body.5,21 
Variation within a bone is essential in determining its strength and resistance to fracture, 
as some bones are made for different physiological reasons. One of the ways that bone can vary 
is through its classification of being brittle or ductile. The precise amount of materials in bone 
determine the bone’s ability to resist and transfer forces that it undergoes. Mineralization in bone 
is one way that bone strength and resistance to fracture is currently defined and occurs when type 
1 collagen is secured by a calcium hydroxyapatite crystalline structure made up of phosphorus 
and calcium.24 This concentration of collagen and its crystalline support must be precisely 
distributed depending on the bone. If mineralization in the bone is too little, then the result would 
be a bone that would not be as stiff but has increased flexibility.20,21 However, this could lead to 
bone structural failure easier than it would if the correct amount of mineralization was used. 
Conversely, if the mineralization of the bone is too great, then the bone would have diminished 
flexibility and be extremely brittle, which could also result in fracture. The correct balance of 
these factors results in a bone that is not only stiff and sturdy, but also able to distribute pressure, 
weight, and other forces with its inclined flexibility. Depending on the bone, this ratio of 
mineralization could vary to suit its purpose.2,10,21 For instance, the ribs, being under constant 
cyclic expansion and contraction, may have a lower ratio of mineralization than the femur, as 
ribs need more flexibility due to movement involved in ventilation. This distribution of bone 
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mineralization, composed of calcium hydroxyapatite, is clinically measured as the bone mineral 
density (BMD) and is used in calculating the strength and fracture resistance of a given 
bone.2,10,21  
Currently, assessing bone quality, strength, and diseases that impact these factors like 
osteoporosis is commonly done through dual-energy X-ray absorptiometry (DXA). This method 
utilizes x-radiation and an image receptor plate to determine how much radiation is able to 
penetrate the bone and reach the receptor. Depending on the tissue thickness, and density of the 
material, x-rays are absorbed differently throughout the body. The amount of radiation that is 
absorbed by certain densities of calcium hydroxyapatite results in areal bone mineral density 
(aBMD) value used in comparison to a reference population to create a T-score that represents 
the individual’s risk of fracture.4,7,25 aBMD is thought to represent the amount of mineralization 
within the bone as a proxy measurement. However, some of the issues this method are that 
patients are placed into simplified T-score categories where little to no variation within the 
skeleton or bone itself is taken into account. The categorical determination of the patient’s score 
is broad, and it is unable to account for the bone as a three-dimensional object as it is compressed 
into a two-dimensional set of data.4,7 The data that are produced are not entirely accurate when 
the bone is not separated out from the rest of the anatomy. Anatomical variation such as vessel 
calcification, hyperdense epithelial tissue, and mineral deposits outside of the bone can all skew 
the results of the DXA scan.4,7 These scans also do not demonstrate how the mineralization is 
distributed throughout the bone, which is an essential factor for the bone to have a correct ratio 
of stiffness and flexibility. 
Quantitative Computed Tomography (QCT) allows for the three-dimensional 
reconstruction of bone, unlike DXA scanning. Measuring volumetric BMD (vBMD) using QCT 
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allows for individual segmentation and analysis of bone without the negative implications that 
are inherent in DXA. Utilizing QCT, a single cross-section or a specific volume of interest (VOI) 
is captured and analyzed for three-dimensional data collection.8,9 This method especially helps 
with the analysis of the bone’s cortex and is able to obtain data on the vBMD of the desired 
location, allowing for the analysis along different points in a bone’s length.18 When vBMD at 
certain locations is calculated, variations in BMD along the length of the bone can be detected 
for a more rounded and comprehensive understanding of the bone’s make-up and of its internal 
structure. 
The geometric construction of bone is also dependent on the bone’s loading environment 
and the associated forces that it undergoes. Section modulus (Z) is defined as the geometric 
property of bone and other beam-like structures.19 It is a mathematical calculation that takes the 
moment of inertia (Iz) around a given axis of the beam and is divided by the distance from the 
axis to the furthest point on the bone.19 Regarding the rib, the furthest distance from the neutral 
axis, or centroid, can either be on the pleural side or cutaneous side of the rib’s cross-
section.2,19,24 In combination with vBMD, Z can be used to create a multivariate factor called 
Stress Strain Index (SSI) which may allow for more human variation to be accounted for 
regarding bone strength and the assessment of bone quality.  
Ribs protect many vital organ structures that are housed within the human thorax. When 
fractured, there is potential for the rib displacement to lacerate and inflict injury on the very 
structures which it serves to protect. Quantification and analysis of rib bone strength and the 
quality of the bone itself through vBMD, Z, and SSI can allow for a more comprehensive 
understanding of the differential fracture risk of ribs and can lead to factors that have the ability 





 The ability for bone to protect and support the human body is dependent on its biological 
structure and its composition. Quantifying these variations to predict and further understand rib 
structural properties has proven to be a challenging task. Due to minimal research and studies 
conducted with ribs, there are still gaps in our understanding of the factors that determine bone 
quality and risk of fracture, as only specific sites and variables have been studied independently.11,12 
By analyzing parameters along the entire length of the rib and studying how these factors relate to 
its structural properties, we can develop a more comprehensive understanding of bone quality and 
differential fracture risk in the rib than current methods.  
 Ribs provide vital protection to essential organs of the thorax that are highly vascular in 
nature. When trauma to the rib has occurred, there is a potential for the rib to fracture and 
possibly lacerate or impale the organ structures that it is supposed to protect. Lien et al. (2009) 
conducted a study consisting of 18,856 patients that were observed during their hospital stay 
after being admitted for rib fractures. Of the patients that were admitted, 459 of the subjects died 
within twenty-four hours of admission, and it was shown that patients were at a greater risk of 
twenty-four-hour morbidity as the number of rib fractures increased.16,18 Additionally, thoracic 
injuries such as rib fractures in traumatic loading scenarios have shown to increase the mortality 
and morbidity rate in motor vehicle crash (MVC) victims. Chest injuries have demonstrated a 
fatal effect in nearly 47% of drivers 65 and older and nearly double that amount for drivers 16-33 
years old.2 As rib fractures are a main cause of fatality in drivers in MVCs, it is essential to 
understand the multivariate factors that determine fracture resistance. 
Currently, DXA is considered the clinical standard for assessing and quantifying BMD 
within a given bone. However, it has proven to be an inaccurate and flawed method of assessing 
the true BMD of a bone as many other factors contribute to x-ray absorption in an in vivo bone. 
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DXA relates the inaccurate BMD values it obtains to generalized and broadly categorized T-
scores.4 These T-Scores depict the patient’s propensity to fracture by comparing the BMD of the 
patient to a BMD of an average young adult male or female and is then placed into three broad 
categories. A T-score greater than or equal to -1.0 would classify a normal individual BMD, a T-
score between -1.0 and -2.5 would be classified as osteopenic, and a T-score less than or equal to 
-2.5 would be a bone that is thought to be osteoporotic.3,4 Even with this seemingly established 
method of assessing bone quality, fracture risk has shown to increase independently of the 
determined T-score.4,7,25,26 
Bone quality in ribs is comprised of a multitude of factors. Agnew et al. (2015) 
conducted an investigation on the effects of age and sex and their relationship to structural 
properties of the rib.1 With 140 ribs from 70 different subjects tested, there was significant 
evidence supporting that age and sex are not good predictors of the structural properties of ribs.2 
Since these variables do not demonstrate any significant relationship to structural properties in 
the rib, more investigation is needed to study the factors that demonstrate an effect of the 
structural properties of ribs and how their variation can also have a relationship to the assessment 
bone quality.20,22,23 
 In a preliminary investigation conducted by the Injury Biomechanics Research Center, 71 
subjects were examined to measure vBMD variation in mid-level ribs (5-7) on both sides of the 
thorax. The analysis demonstrated that there was no significant difference in cortical vBMD 
depending on rib level or side of the rib within subjects (p=0.20 and p=0.93).12 This indication 
that there is no variation in cortical vBMD between rib level and different sides of an individual 
subject allows for ribs to be used from either side and multiple mid-rib levels.12 Stress strain 
index (SSI) was also analyzed in this study. This index number constructed from vBMD and Z 
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makes it a combination variable. This preliminary investigation demonstrated that a strong 
relationship between SSI and total force, peak force (FPEAK), and stiffness (K) at 50% of the rib’s 
Cv.Le. for each structural property (p<0.001).12 While these factors were determined to have 
significant relationships, additional information is required to understand the variation in these 
properties along the length of the rib and at fracture locations resulting from a loading 
environment.12 
 A previous study that has been conducted to analyze the co-variations of vBMD and Z, 
has been done in the tibiae at the Injury Biomechanics Research Center. This study consisted of 
39 subjects with ages ranging from 25 to 87 years old. vBMD demonstrated inverse relationships 
were found between vBMD and Z along the length of the tibia.11 More importantly, this 
illuminated the significant variation in vBMD along the length of the tibiae, at the 38%, 50%, 
and 66% of the bone’s length.11 Determining variation within a bone of the appendicular 
skeleton, regarding it irregular forces, brings into question whether or not such variation will be 
present within the rib bone of the axial skeleton. 
Rib fractures pose serious threats and increased mortality rates of patients. Understanding 
and correctly assessing fracture risk of the ribs is essential to developing a methodology to 
predict and assess rib bone quality and fragility. In our current assessment of bone quality, 
performed through DXA scanning, there is little information about the variations in BMD related 
to bone strength. The data it can provide has demonstrated DXA is inherently limited and, in 
some respects, fundamentally flawed. Reassessing bone quality through QCT and its variations 





The objectives of this study are: 
1. Determine the variation in vBMD along the length of the rib from cross-sectional CT 
scans. 
H0: There will not be significant differences in vBMD between the 30%, 50%, 
and 75% sites. 
HA: There will be significant differences in vBMD between the 30%, 50%, and 
75% sites. 
2. Analyze the ability for vBMD along the length of the rib to predict structural 
properties. 
H0: There will not be significant relationships between vBMD along the length of 
the rib and structural properties. 
HA: There will be significant relationships between vBMD along the length of the 
rib and structural properties. 
3. Analyze the ability of Z to predict rib bone structural properties at rib fracture 
location independent of SSI. 
H0: Z will not have any statistically significant relationship to rib structural 
properties.  
HA: Z will have a statistically significant relationship to rib structural properties. 
4. Analyze the ability of SSI to predict rib bone structural properties at rib fracture 
location. 
H0: SSI will not have any statistically significant relationship to rib structural 
properties.  
HA: SSI will have a statistically significant relationship to rib structural properties.  
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MATERIALS AND METHODOLOGY 
 
Population and Sample 
This study is divided into two different sample sets, with some overlap between the 
samples. The first sample, referred to as the age-matched sample, is an age-matched sample of 
44 post-mortem human subjects (PMHS), consisting of 22 males and 22 females. Males ages 
ranged from 18 to 83 years and an average age of 46.6 (+/- 18.4 years). Females ages ranged 
from 16 to 83 years and an average age of 46.1 (+/- 18.6 years). The ex vivo ribs in the sample 
set were comprised of 31 left ribs and 13 right ribs. Males and females in the age-matched 
sample were paired together with age differences no greater than 3 years to control for age. (See 
appendix: Table 1) 
The second sample, referred to as the physically tested sample, consists of a smaller sub-
sample. The sub-sample of 30 PMHS in this sample is comprised of 18 males and 12 females 
with ages ranging from 13 to 83 years and an average age of 43.5 (+/- 19.2). Males ages ranged 
from 13 to 73 and an average age of 39.7 (+/- 19.2). Females ages ranged from 16 to 83 and an 
average age of 49.5 (+/- 18.83). The ex vivo ribs in the sample set were comprised of 15 left ribs 
and 16 right ribs. This sample is not matched by age but does include some overlap with the age-
matched sample (those that have been tested in a dynamic loading scenario). (See appendix: 
Table 2) 
 
Rib Procurement and Initial Scanning 
In total, 46 PMHS were donated through either the Ohio State University Body Donor 
Program or Lifeline of Ohio. Each of the subjects in this study were screened to ensure that no 
significant trauma to the body occurred at the time of death, no initial autopsy or embalming of 
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the subject or inherent communicable diseases.  Donors in this sample demonstrated a body mass 
index score (BMI) of 16-30 with a body weight ranging from 80lbs-215lbs.  
 For this study, each of the 46 PMHS had one mid-level rib, defined as the 5th through the 
7th thoracic ribs, excised, measured for the rib’s Cv.Le and wrapped in normal saline soaked 
gauze for storage at a consistent temperature of -20° Celsius. Each rib was individually scanned 
in a Phillips Ingenuity CT 64 slice scanner at consistent acquisition parameters including in-
plane resolution of 0.167mm and a slice thickness of 0.671mm. In the CT scan itself, a 0.0-
0.8g/cc cortical phantom (QRM) was used for Hounsfield Unit calibration during image analysis. 
The QRM phantom utilizes known densities of calcium hydroxyapatite which is used in defining 
a bone’s mineral density. The known density of water was also used for image analysis 
calibration by using a water filled syringe in the scan itself. 
 
2D Dynamic Loading Test 
In order to measure and obtain structural properties of the bone, each rib in the physically 
tested sample was tested in a custom-made dynamic mechanical loading environment which 
utilized a specialized pendulum with a known mass of 54.4kg to initiate a 1-2m/s antero-
posterior rib frontal impact.1 
Each of the ex vivo rib’s sternal and vertebral ends were placed and potted in Bondo® 
Body Filler and allowed to set, simulating the natural sternocostal and costovertebral joints. Four 
Vishay Micro-Measurement strain gauges were placed at 30% and 60% of the rib’s Cv.Le on 
both the pleural and cutaneous surfaces of the bone. A linear string potentiometer was a placed 
on the anterior portion of the rib to measure x-axis displacement. Finally, a Humanetics 6-axis 
load cell will be used to measure Linear Structural Stiffness (K), Peak Force (FPEAK), and Total 
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Energy (UTOT). Once the measurement devices were placed, the potted rib was testing in the 
custom-made structure and contracted until the rib reached failure. All the ribs that were tested 
reached failure. The data collected was used to construct Force-Displacement Curves for each rib 
(Figure 2). The site of the fracture was recorded in millimeters of the rib’s Cv.Le as well as a 
percentage of the rib’s Cv.Le. Histological cross-sections were taken adjacent to the site of 
fracture for section modulus calculation.1 
 
Computed Tomography Analysis 
Each rib’s CT scan was uploaded into Phillips Intellispace software. 30%, 50%, and 75% 
of the rib’s Cv.Le was determined, with 0% being the vertebral end and 100% being the sternal 
end. Utilizing a multi-point measurement tool, a line was created starting from the vertebral end 
and terminating at the desired percentage of the rib’s Cv.Le, 30%, 50%, or 75%. The axial plane 
was moved to the termination point of the multi-point line to determine the cross-section of that 




Figure 1 Phillips Intellispace: Measurement of the rib through the medullary cavity of the bone. 
The red line represents the axial plane as it crosses the bone’s cortex and becomes in line with 
the measured multi-point line in green. 
 
The same rib CT was then opened in Dataviewer, another program that allows for image 
manipulation, and the previously determined cross-section in Phillips Intellispace software was 
visually matched. Once the correct cross-section is matched, the image was then rotated to 
position the cross-section in a true axial plane, in relation to the axial window of Dataviewer. A 
volume of interest (VOI) outlined as much of the image as possible and it was saved for later 
analysis. Depending on the CT scan and the rib’s curvature, the rotation of the image would 
occasionally result in truncation, or image cut-off, of the data. This occurs at the lower and 
higher percentages of the rib’s Cv.Le, which is why the 30% site was used instead of the 25% 
site. When this did occur, the image was once again reopened, matched with Phillips Intellispace, 
and rotated. However, the rotation was changed to match the axial plane of the rib to the sagittal 
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window of Dataviewer. This allowed for the image to be rotated to a true-axial and resulted in a 





Figure 2 Dataviewer Rotation: The rotation of the rib from 
Phillips Intellispace done through the coronal window (top 
left) to determine the true-axial cross-section represented 
in the axial window (bottom left). An ROI is selected in 
each window, coronal, axial, and sagittal (bottom right) to 
save a total VOI for further analysis. 
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Once the correct, reoriented image of the CT was saved without truncated data, the 
dataset was opened in Skyscan CTAn software (Brunker) to analyze vBMD of the VOI at 30, 50, 
and 75% sites. The slice was visually matched once again, this time to the reoriented slice in 
Dataviewer, and a VOI was determined by taking twenty data lines above and twenty data lines 
below the matched slice, with the total new volume measuring 6.68mm of the rib’s length. An 
ROI was set within the selected VOI and was used to ensure that the cross-section of the rib was 
isolated for analysis (Figure 3). Thresholding (148-255) was used to isolate cortical bone. A new 
VOI was analyzed and bounded with specific calibration ranges determined from un-thresholded 
water. The whole VOI was then analyzed to isolate the cortex and obtain HU values for vBMD 
calculation (Figures 4, 5, 6). An average HU from each slice is used to determine the average HU 
for the entire VOI at each site. This value that is made is then used as an input into a calibration 
curve (Figure 7) to produce a vBMD value. Utilizing un-thresholded water, the calibration curve 
scale is determined by its known density and x-ray attenuation. In order to create the calibration 
curve itself, which is specialized to each rib CT scan, the QRM phantom produces HU of known 
densities which are plotted on the curve. Once the curve has been created, the HU values of the 
rib VOI are then compared to this calibration curve and subsequently, the density is determined 
from HU. This density represents the average amount of calcium hydroxyapatite that the VOI 
has based upon its HU. This process was done for each of the 30%, 50%, and 75% of the rib’s 




Figure 3 Skyscan CTAn VOI Selection: The selection of a ROI from the defined VOI around the 



















Figure 7 Hounsfield Unit Calibration Curve: A typical calibration curve using the QRM 






 The age-matched sample data, which was normally distributed, was analyzed in MiniTab 
statistical software. For this sample, the vBMD at the 30%, 50% and 75% sites were determined 
and compared to each other to detect any significant differences between the varying locations 
along the rib’s Cv.Le. Using one-way ANOVA with post hoc tests, the 30% site vBMD was 
compared to the 50% site vBMD and demonstrated significant differences between the two 
(p=0.002). The 30% site vBMD was then compared to the 75% site vBMD and significant 
differences in vBMD were also detected (p<0.001). Finally, the 50% site vBMD and the 75% 
site vBMD were analyzed and significant differences were also found (p<0.001) (Figure 8). 
 
Figure 8 vBMD Variation Boxplot: Significant variation in vBMD at the 30%, 50%, and 75% 
















Variation of vBMD along Rib Length
 
 26 
The physically tested sample had the vBMD at the 30%, 50%, 75%, as well as the 
fracture site vBMD calculated. The fracture site’s Z was also determined through histological 
cross-sectional analysis. To determine if the 30%, 50%, or the 75% site vBMD was able to 
significantly predict structural properties of the rib from the 2D Dynamic Loading Test, linear 
regressions were used from MiniTab statistical software as well. Comparing the 50% and the 
75% site vBMD to UTOT, FPEAK, and K, no significant ability to predict the structural properties 
was detected (p=0.860, p=0.337, and p=0.481 for 50% and p=0.200, p=0.203, and p=0.451 for 
75% respectively) (Figures 9, 10). However, the 30% site vBMD was able to significantly 
predict FPEAK (p=0.034) but was unable to predict UTOT or K (p=0.2 and p=0.078) (Figure 11). 
While the 30% site was able to predict FPEAK, statistically speaking, it was only able to explain 
14.82% of the variation within the population sample. 
 
 
Figure 9 vBMD vs. K Scatterplot: No significant relationships between vBMD at the 30%, 50% 


































Figure 10 vBMD vs UTOT Scatterplot: No significant relationships between vBMD at the 30%, 
50% or 75% Cv.Le when compared to UTOT (p=0.200, p=0.860, p=0.200).1 
 
 
Figure 11 vBMD vs. FPEAK Scatterplot: No significant relationships between vBMD at the 50% 
or 75% Cv.Le when compared to Peak Force (p=0.337 and p=0.203). Significant relationship 
between the 30% site vBMD and FPEAK but only accounting for 14.82% of the population sample 
(p=0.036).1 
 
The first fracture site vBMD of the physically tested sample was then compared to the 







































vBMD vs. Peak Force (FPEAK)
30% 50% 75% Linear (30%)
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site was also unable to significantly predict any of the structural properties, UTOT, FPEAK, and K 
(p=0.256, p=0.846, and p=0.392 respectively) (Figures 12, 13, 14).  
 
Figure 12 Fracture vBMD vs. K Scatterplot: No significant relationships between vBMD at 




Figure 13 Fracture vBMD vs UTOT Scatterplot: No significant relationships between vBMD at 





























Fracture Site 1 vBMD vs. Linear Structural 
Stiffness (K)





















Fracture Site 1 vBMD vs. Total Energy (UTOT)




Figure 14 Fracture vBMD vs. FPEAK Scatterplot: No significant relationships between vBMD at 
fracture site 1 or FPEAK (p=0.846).1 
 
Before comparing the combination variable of SSI to the structural properties. It was 
essential to determine the relationships between Z and the structural properties alone. Z at the 
site of fracture was not normally distributed. To correct this error, the data were transformed 
using a consistent calculation of log10(Z variable) to achieve normality. Using linear regressions, 
Z demonstrated significant predictability to all structural properties (p<0.0001). In fact, testing 
showed that Z was able to explain for 34.76% of the variation in UTOT, 67.68% of the variation in 
















Fracture Site 1 vBMD vs. Peak Force (FPEAK)




Figure 15 Z vs. K Scatterplot: Fracture site 1 Z was able to significantly predict K and 
accommodate for 54.24% of variation in the population sample (p<0.0001).1 
 
 
Figure 16 Z vs. UTOT Scatterplot: Fracture site 1 Z was able to significantly predict UTOT and 

























































Figure 17 Z vs. FPEAK Scatter plot: Fracture site 1 Z was able to significantly predict FPEAK and 
accommodate for 67.68% of variation in the population sample (p<0.0001).1 
 
In order to create a multifactor parameter for testing SSI was created from the fracture 
site vBMD and the fracture site Z. When SSI was calculated it was not normally distributed. To 
correct this error, the data were transformed using a consistent calculation of log10(SSI variable). 
Once normalized, SSI demonstrated significant predictability for all three structural properties 
(p<0.001). In fact, SSI was able to predict and accommodate for large amounts of variation in the 
sample population for UTOT, FPEAK, and K, 36.82%, 61.37%, and 45.80%, respectively. (Figures 





















Figure 18 SSI vs. K Scatterplot: Fracture site 1 SSI was able to significantly predict K and 
accommodate for 45.80% of variation in the population sample (p<0.001)1 
 
 
Figure 19 SSI vs. UTOT Scatterplot: Fracture site 1 SSI was able to significantly predict UTOT and 































Fracture Site 1 SSI vs. Linear Structural Stiffness 
(K)






















Fracture Site 1 SSI vs. Total Energy (UTOT)




Figure 20 SSI vs. FPEAK Scatterplot: Fracture site 1 SSI was able to significantly predict FPEAK 






















Fracture Site 1 SSI vs. Peak Force




Variation of vBMD within the Rib 
The results from this study have proven to be insightful in multiple regards. In the age-
matched sample, we were able to evenly distribute males and females to properly account for age 
and sex. With our results we can clearly see a declining trend in vBMD along the length of the 
rib from posterior to anterior. Variation within the rib itself suggests that intra-human variation 
contributes to rib bone quality and strength. Because DXA utilizes a generalized T-score to 
determine the average density of calcium hydroxyapatite, it is unable to depict subtle, but 
significant differences within the bone itself, making it unreliable and inaccurate in its bone 
quality assessment. This variation in vBMD within the rib suggests that other factors like it may 
also vary within the bone itself. Potentially these factors could even co-vary and demonstrate 
related distributions throughout the bone or inverse distributions, much like the inverse 
relationship between Z and vBMD in the tibiae.11 
 
Overall lack of vBMD Predictability to Structural Properties 
The structural properties of the ribs give raw but useful data on the overall quality bone 
assessment. When the physical 2D Dynamic Loading Test was conducted on the physically 
tested sample we were able to collect data on how much force the bone could withstand, the total 
amount of energy, and even calculate its linear structural stiffness from the slope of the elastic 
portion on the force-displacement curve. Our results demonstrated that vBMD was not able to 
significantly predict these properties, biologically speaking, with the exception of the 30% site 
vBMD showing statistical significance in predicting FPEAK. Even though the 30% site was able to 
predict FPEAK, the amount of variation within the population sample that it was able to account 
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for was insignificant compared to the vast amounts of human variation within a global 
population. This shows differences in other studies such as Muller et al. (2003) found that aBMD 
from DXA scans were able to predict the fracture of the distal radius. Indications such as this 
suggest that intra-human variation from bone-to-bone should be considered when assessing bone 
quality and strength.17 
 
Insignificance of Fracture Site vBMD to Structural Properties 
Calculating the fracture site vBMD was done to determine if vBMD at the point of 
fracture was able to significantly predict the structural properties. However, even though this is 
where the bone itself broke, it was unable to predict any of the structural properties related to the 
2D Dynamic Loading Test. This suggests that some other factor or multiple factors are 
contributing to the overall fracture risk of the rib. While the statistical significance of these 
results was not close to becoming significant, it is possible that with a large sample size these 
results could change or stay the same. These same results were seen in a previous study 
conducted by Agnew et al. (2018). BMD scores demonstrated significant relationships to 
structural properties, UTOT, FPEAK, and K (p<0.0001), however, BMD only predicted small 
portions of variation within the sample.1 Indicating and reconfirming that BMD in general is not 
a good predictor of bone quality and its assessment.1 
 
Analysis of Fracture Site Z and Structural Properties  
 In contrast to Hunter et al. (2019), data demonstrated that Z was able to significantly 
predict structural properties obtained during the dynamic testing better than the combination 
variable of SSI, with the exception of UTOT. While these findings demonstrate that vBMD may 
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lower SSI’s effectiveness in predicting structural properties, it may be due to the smaller sample 
size, and varying locations of fracture in which Z and SSI were quantified. A larger sample size 
and obtaining more consistent variations of rib fracture locations may prove to be useful with 
further analysis of Z’s comparative predictability to SSI.  
 
Differences in Fracture Site SSI and Structural Properties 
 In accordance with the results that were obtained by Hunter et al. (2019), data 
demonstrated that SSI was able to significantly predict structural properties, UTOT, FPEAK, and K 
in the ribs which can easily be explained since SSI utilizes Z which significantly predicts 
structural properties in the rib in a large scale investigation by Agnew et al. (2018). In this study, 
we were able to confirm the results, from Agnew et al. (2018) and Hunter et al. (2019), with the 
SSI calculated from fracture site vBMD being able to predict UTOT, FPEAK, and K due to the 
contribution of Z. In this study, Z significantly predicted structural properties UTOT, FPEAK, K 
(p<0.0001) but SSI was able to predict more variance in the sample suggesting more than just 
one bone quality variable may be useful for future work.1 Other studies, such as Muller et al. 
(2003) found that combination variables, much like the utilization of SSI in this project, explains 
far greater amounts in the sample being studied than just one single variable.17 In fact, when 
combining geometric factors to BMD, Muller et al. (2003) found that the amount of variance that 
could be explained increased from 9% to 83% when predicting the failure of the bone, in this 
case the radius. Data collected in this study, with a reduced sample size compared to Muller et al. 
(2003), suggest that combination variables also demonstrate better predictability of the structural 





Thoracic injuries have the potential to result in the fatalities of patients involved in 
MVCs. Their fractures pose threats to highly vascular organs that are essential to sustaining 
human life. With intra-human variation detected in the vBMD of ribs, it is likely that one single 
parameter or score is of questionable value when attempting to predict and comprehensively 
assess total rib bone quality and strength. Even when accounting for variation in vBMD, only 
one vBMD site along the rib’s length was able to significantly predict just one structural 
property. Even with its statistical significance, biologically it accounted for a small portion of the 
population sample.  
Utilizing the vBMD from the actual location of fracture, it was thought that more 
predictability would result from this site. In actuality there was little evidence supporting that 
vBMD alone at this site can predict structural properties of the rib. To accommodate for this lack 
of predictability, a combination factor was utilized to demonstrate a factor that could predict 
more variation in the structural properties. As predicted, SSI was able to account for more 
variation when compared to the structural properties, reaffirming previous research done by 
Hunter et al. (2019), Agnew et al. (2018), and Muller et al. (2003), and suggesting that one 
variable alone, like vBMD, isn’t enough when assessing bone quality. 
The overall lack of conclusive predictability and the significant variations detected within 
the bone itself suggest that multiple factors and parameters are involved in defining bone quality 
and strength. Using combination factors may also prove useful when assessing the structural 
properties of bone and determining a more clinically useful methodology when defining bone 
quality, strength, and its relation to fracture. However more testing should be done to reconfirm 
SSI’s ability to predict structural properties. Increasing sample sizes and determining variation in 
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other properties within the rib could help redefine and deepen our understanding our total bone 
quality assessment and fracture predictability. Further studies will need to be conducted to 
develop a more well-rounded understanding on how the data in this project and in others relates 
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APPENDIX   
 
  
Subject ID Rib Side Rib Level Sex Age 
6054 L 7 m 83 
6600 L 6 m 66 
6673 L 6 m 73 
6717 L 7 f 69 
6767 L 7 f 35 
6782 R 6 m 62 
6878 L 6 m 57 
6906 L 6 f 45 
6989 R 6 f 57 
7012 R 6 m 48 
7039 R 6 m 25 
7089 R 6 f 54 
7120 R 6 f 65 
7219 L 6 f 66 
7253 L 6 m 50 
7282 R 7 m 68 
7312 L 6 f 36 
7316 L 6 m 60 
7320 R 6 f 57 
7378 L 6 f 72 
7385 L 6 m 55 
7416 L 6 m 65 
7417 R 6 f 61 
7447 R 6 f 83 
7458 L 6 m 34 
L13-0130 R 5 f 25 
L13-0216 L 7 f 26 
L14-0210 L 7 f 24 
L16-0189 L 6 f 30 
L16-0204 R 6 m 25 
L16-0228 L 6 m 18 
L16-0291 R 6 m 39 
L16-0303 R 6 f 24 
L16-0314 L 6 m 22 
L16-0321 R 6 m 24 
L16-0347 R 6 m 35 
L16-0378 L 5 f 47 
L16-0477 L 6 f 16 
L16-0517 L 6 m 45 





Subject ID Rib Side Rib Level Sex Age 
6600 L 6 m 66 
6673 L 6 m 73 
6878 L 6 m 57 
6906 L 6 f 45 
6989 R 6 f 57 
7012 R 6 m 48 
7039 R 6 m 25 
7089 R 6 f 54 
7120 R 6 f 65 
7219 L 6 f 66 
7253 L 6 m 50 
7282 R 7 m 68 
7312 L 6 f 36 
7320 R 6 f 57 
7385 L 6 m 55 
7417 R 6 f 61 
7458 L 6 m 34 
L16-0189 L 6 f 30 
L16-0204 R 6 m 25 
L16-0228 L 6 m 18 
L16-0291 R 6 m 39 
L16-0303 R 6 f 24 
L16-0314 L 6 m 22 
L16-0321 R 6 m 24 
L16-0347 R 6 m 35 
L16-0414 R 6 m 19 
L16-0477 L 6 f 16 
L17-0038 L 5 m 13 
LL016-7017 R 6 m 35 
MC1610787F L 6 f 50 
Table 2: The demographic data of the 
physically tested sample. 
Figure 21 SSI Calculation Equation 	
𝑆𝑆𝐼 =
(𝑣𝐵𝑀𝐷 ∗ 𝑍)
1200  
 
 
